T he United States is facing an anticipated dramatic rise in demand for intensive care unit (ICU) services. The population is aging and new therapeutic advances provide opportunities to intervene in advanced stages of illness. Despite concerns about rising healthcare costs, society shows little interest in forgoing these new therapies. As a result of these medical advances and demographic trends, there is a good chance that most people will find themselves admitted to an ICU at some point in their lives. Unfortunately, care delivery systems in the ICU have not evolved in parallel with the growth in patient numbers or complexity; the result is a high incidence of adverse events and poor outcomes. Our ICUs are failing.
Recent studies paint a picture of a poorly functioning ICU system. The 1999 and 2001 reports from the National Academy of Sciences' Institute of Medicine noted a high incidence of errors by medical professionals (1) , with ICU patients more likely to experience adverse events than patients in other parts of the hospital. Other ICU studies noted similar problems: frequent discordance between ICU and postmortem diagnoses, where more accurate information would have modified treatment (2); an average medical error incidence rate of two per patient per day (3); a 14% preventable death rate for three common ICU conditions (cerebrovascular accident, pneumonia, or myocardial infarction) (4) ; and an adverse drug event rate twice that seen in non-ICU patients (5) . Less obvious manifestations of poor ICU performance include antimicrobial resistance from antibiotic misuse, malnutrition from underestimation of nutritional goals, excessive mechanical ventilation from delays in weaning, poor pain management, and prolonged suffering from failure to initiate end-of-life discussions.
Analyses into the root causes responsible for errors of commission and omission in the ICU identify defects in the structure of the care delivery system rather than individual caregiver shortcomings. A variety of studies published over the past decade have identified organizational characteristics associated with better clinical and economic outcomes. Most compelling are the data demonstrating improved outcomes with intensivist-led care teams, with mortality reductions in excess of 25% reported in several studies (6, 7) . However, most ICUs in the United States have not implemented this care model. The absence of a single knowledgeable coordinator of the care plan leads to fragmentation, with different subspecialists managing their own "organ" of expertise. Because physicians are not continually monitoring patient status and titrating therapies, care during off-hours can best be characterized as "crisis intervention." Acute problems are dealt with via telephone and outcomes depend on the timeliness of problem identification and communication, the accuracy of relayed information, and the diligence of the off-site physician (8) .
Considerable controversy has centered on the need for "closed ICUs" (care directed by an intensivist), as compared with "open units" (care directed by the primary admitting physician, with or without input from an intensivist). A recent review (Pronovost PJ, Angus DC, Dorman T, et al., unpublished observations) examining the relationship between ICU organization and clinical outcomes, classified ICU physician staffing into two categories-"high-intensity staffing," where the intensivist is the primary attending physician or his/her in-volvement is mandatory, and "lowintensity staffing," where intensivists are not involved with all cases (includes elective consultation). Eighteen studies met inclusion criteria. High-intensity staffing was associated with a significant reduction in ICU and hospital mortality and length-of-stay in a substantial majority of studies. This review suggests that the key issue is not open vs. closed, but rather that intensivists must be directly involved with the care of all patients.
The weight of data demonstrating superior outcomes with intensivists spurred the Leapfrog Group, charged with establishing healthcare standards for hospitals serving Fortune 500 companies, to mandate this model by 2003 (9) . Their analysis suggests that moving to this standard will save more than 50,000 lives per year. The Leapfrog Group initiative highlights how the end-purchasers of health care, through development of payor-based standards, can impact quality.
Despite compelling data showing superior outcomes with dedicated intensivists, many hospitals will find it difficult to implement this model. There is a major shortage of intensivists in the United States. The recently published Committee on Manpower for Pulmonary and Critical Care Societies study (10) found that 63% of ICU patients in 1997 were not cared for by an intensivist; the number cared for in ICUs with high-intensity intensivist coverage is estimated at under 10%. Worse yet, the study predicts an increasing shortfall of intensivists as the "baby boomers" begin to populate ICUs over the next 10 -20 yrs.
ICU patient outcomes are also correlated with nursing workload and nurse staffing. Severity-adjusted mortality is greater in ICU patients exposed to high nurse workloads and reduced nurse-topatient ratios (11) . Nursing hours per patient day have been shown to vary inversely with the incidence of new cases of methicillin-resistant Staphylococcus aureus and catheter-associated bloodstream infections (12) (13) (14) . Pronovost et al. (15) reported a 39% increase in median hospital length of stay, an increased risk of pneumonia, reintubation, and septicemia, and a 32% increase in costs when nighttime nurse-to-patient ratios were Ͻ1:2. Several factors contribute to suboptimal ICU nurse staffing, including 1) financial pressures to reduce costs, 2) high turnover rates of ICU nurses, and 3) a severe national nursing shortage. Analysis of registered nurses in the United States reveals an aging workforce, declining nursing school enrollment, and a 20% deficit projected by the year 2020, with the ICU being more seriously affected (16) .
A shortage of pharmacists is also affecting ICU care delivery (17) . Pharmacists are an integral part of the ICU team, providing valuable therapeutic advice, reducing adverse drug events, and helping to control drug costs. While individual caregiver groups are facing staffing shortages, many of those that are delivering care are not working together as a team.
The Society of Critical Care Medicine (SCCM) has defined "multidisciplinary critical care" as the collaboration of multiple specialized caregivers, whose individual expertise summates to provide an optimal care environment (18). Research in the 1980s showed that multidisciplinary collaboration in the ICU decreased patient mortality, increased job satisfaction, and reduced costs (19) . Collaborative quality improvement efforts, based on the premise that improvements in ICU patient care can be achieved more effectively when all caregivers work together, have demonstrated clinical efficacy and financial benefits (20) . Despite these impressive results, collaboration among the varying disciplines in the ICU remains a common problem.
Meaningful quality improvement cannot occur without comprehensive monitoring of clinical and operating performance. Yet few ICUs track even major outcomes (mortality; length of stay; iatrogenic complications, including nosocomial infections; duration of mechanical ventilation; drug utilization; antimicrobial resistance) and almost none are able to use performance data to effectively support their quality improvement programs. For this to occur, caregivers must have access to detailed, disease-specific data and must be able to evaluate relationships between patient factors, disease states, and care processes. Based on experience in other industries, and scattered efforts in health care, this type of analytic focus will improve quality and reduce costs. Moreover, current technologies permit this type of approach to be applied to ICU patient care.
ICU TELEMEDICINE: A SOLUTION
Telemedicine is defined as "the use of medical information exchanged from one site to another via electronic communication for health and education of the patient or health care provider and for the purpose of improving health care" (21) . Although telemedicine may appear as "Star Wars" technology to many ICU clinicians, it should be noted that almost all ICU clinicians have been practicing telemedicine for years through use of frequent telephonic consultations. Intensivists, critical care fellows, and house staff rely heavily on the observations and assessments of on-site caregivers, who provide off-site physicians with the information they need to make clinical decisions.
Grundy et al. (22) published the first report of a clinical trial of ICU telemedicine in 1982. University-based intensivists provided telemedical consultation to 395 ICU patients over an 18-month period at an inner-city hospital with no on-site intensivist. Intensivists provided intermittent consultative advice and interacted with patients, nurses, and physicians through two-way video and telephones. Patients for whom a greater proportion of the intensivists' suggestions were implemented were more likely to survive and less likely to be left with new permanent disability. Teleconsultative models have been used to assist in the care of acutely ill patients in other settings, reducing length of stay of very low birthweight infants in neonatal ICUs (23) , influencing trauma patient management and transfer (24) , and providing pediatric critical care inpatient consultations (25) .
In contrast to intermittent teleconsultation, the first report of around-theclock remote intensivist telemedical care to adult ICU patients was recently published (26) . The study ICU was a 10-bed surgical and trauma unit (open-unit model) in an academic-affiliated community hospital with a consulting intensivist. During the 16-wk trial, remote intensivists managed ICU patients from admission until discharge, but primary responsibility for the care plan and admission and discharge authority remained with the attending physician. Intensivists had access to real-time bedside monitoring data, which were reviewed regularly, and videoconferencing equipment to visualize patients and communicate with on-site caregivers. Bedside flow-sheet data, consultation reports, and chest radiographs were transmitted digitally, whereas laboratory data were accessed through telephone-based hook-up to the hospital laboratory computer.
Compared with two baseline control periods, the 24 ϫ 7 (i.e., 24 hrs per day, 7 days per week) remote management resulted in the following outcomes: Acute Physiology and Chronic Health Evaluation (APACHE) III severity-adjusted ICU and hospital mortality decreased by 60% and 30%, respectively, severity-adjusted ICU length of stay and cost both decreased by 30%, and ICU complications decreased by 40%. The most significant clinical and financial impact of the intervention occurred as a result of a reduction in complications and decrease in the number of "outlier patients" (ICU length of stay Ͼ6 days). In this study, outliers accounted for a disproportionate amount of resource consumption and were also more likely to develop complications.
Although this study demonstrated that remote intensive care is not only possible but may well be advantageous, it also raised several new questions: 
AN ICU TELEMEDICINE MODEL OF CARE DELIVERY
The electronic ICU (eICU) model of telemedicine care delivery is based on previously proven methods of achieving superior healthcare outcomes ( Fig. 1 ) and responds to the insufficient numbers of intensivist-led care teams to achieve this standard through traditional means. The eICU technology tools were designed to support the care process, increasing both efficiency and effectiveness. Furthermore, the model embraces preemptive care, where timely interventions prevent the development of complications, and comprehensive on-site quality improvement programs focus on implementing best practices and standardizing care. The on-site component compliments the eICU continuous care program ensuring a patient-focused "protective" care environment that promotes quality (Fig. 2) .
The eICU model enables 24 ϫ 7 care to ICU patients across multiple hospitals using a remote, intensivist-led, multidisciplinary team (eICU team). ICU telemedicine is not conceived as a replacement for on-site care, but rather as a means of ensuring continuous proactive care and prompt interventions when onsite care is not available. By using telecommunication technologies, clinical information systems, and decision support tools the eICU is able to leverage the limited supply of ICU clinicians over more patients and multiple locations. ICU-specific information technologies are used to organize patient information, allowing improved care in both the eICU and hospital. Furthermore, outcomes are continuously tracked and fed back to client hospitals to upgrade quality and operating efficiency through performance improvement efforts.
Structure and Function. The eICU team is physically remote from the network of linked ICUs, within geographic proximity but off hospital grounds (Fig.  3) . The eICU can be electronically linked to multiple ICUs within a single hospital or to ICUs in multiple hospitals. Through the use of network technology, the eICU team is virtually brought to the patient's bedside. The eICU provides a comfortable and secure environment, conducive to mental concentration and provided with ergonomically designed furniture to prevent occupational-induced injuries.
The size of the eICU team may vary based on the number of patients being managed by the eICU. A relatively small number of patients (i.e., 40 -50 patients) may be effectively managed with an intensivist, critical care registered nurse, and a healthcare administrator (clerical function). As the number of patients covered by an eICU increases, the use of additional physicians, critical care nurses, acute care nurse practitioners, physician assistants, or critical care pharmacists can be added. An information technologist is present during daytime hours and is available 24 hrs per day as is a help desk for any technical issues that arise. The administration of the eICU consists of a medical and nursing director who collaboratively manage the eICU team, assess and plan the quality of care and operations, interact with client hospital clinicians and administrators, encourage innovative thinking, and strive to continually improve the process and care delivery. Current intensivist availability within the hospital ICU determines the eICU coverage required to ensure a consistent level of patient care 24 hrs per day. Hospitals with no intensivist coverage require 24 hr per day eICU coverage, whereas hospitals with dedicated on-site intensivists may only require 12-14 hrs per day. Rural hospitals with no intensivist can be networked into tertiary care centers with an adequate supply of intensivists, and integrated delivery networks can assure a consistent level of ICU care across their system. Regardless of the model, hospitals in a given geographic region can network together to pool and integrate critical care services and leverage available expertise.
Although the optimal number of patients who an eICU team can effectively manage is currently unknown, several teams or hybrid teams from one eICU could provide care to 100 -150 ICU patients across multiple hospitals within a geographic region.
The eICU has access to all clinical information needed to effectively monitor and treat ICU patients remotely. Each team member functions at a workstation that provides clinical information from all hospital ICUs (Fig. 4) including: transmission of real-time invasive and noninvasive vital signs (exactly as they appear on the bedside monitoring screen), a complete electronic medical record, a clinical decision support tool, high-resolution radiographic images, and teleconferencing into every ICU room. High-quality videoconferencing (32 frames per second) and sound systems allow for "hands-free" communication with caregivers and patients. Teleconferencing is also available at the hospital ICU nurses station for visual communication with on-site doctors, nurses, and respiratory therapists, and family consultation if needed.
Patient room cameras provide multiple views of the patient and the room, and are programmed to provide automatic fixed-zoom capabilities to directly view ventilator screens, infusion pumps, and other bedside data sources. These highresolution digital cameras provide the eICU team with the ability to assess physical parameters such as neurologic function (27) , respiratory efforts, grimacing, diaphoresis, and skin color, and can even assist on-site staff with invasive bedside procedures (e.g., pulmonary artery catheter insertion). Reliance is still placed on bedside caregivers to provide necessary clinical information that cannot be gained without touching, auscultating, percussing, or palpating the patient. Thus, developing and maintaining good professional relations with all hospital staff is a high priority for the eICU staff to benefit patient care.
Process of Care Delivery. Responsibilities of both remote and on-site caregivers are operationalized in advance and have been developed to facilitate the workflow of the hospital staff. Attending physicians control admission and discharge of ICU patients and determine their preferred level of eICU care (from monitor and report only to full intervention). Illness severity determines the fre- quency at which the eICU team assesses patients, with "virtual rounds" conducted on all patients at least three to four times per day. Virtual rounds involves teleconferencing into the patient's room, visually assessing the patient, assessing clinical information, and evaluating whether the current care plan is appropriate and proceeding. Continuous videoconferencing can occur as needed in the event of an unstable patient, or during a bedside medical procedure. Making virtual rounds from room to room and ICU to ICU with just a click of the mouse adds greatly to efficiency.
Tele-education occurs frequently between the eICU and on-site nurses and house officers. Discussions of cases during nursing report and virtual rounds often reveal educational needs that can be addressed in context and further raise awareness of specific patient care issues. Informal discussions also occur providing support to nurses, respiratory therapists, and house staff. The ability to observe house staff performing bedside procedures is invaluable for education and can eliminate variabilities in the execution of such procedures as rapid sequence intubation.
Telemedicine changes the clinical practice of all eICU team members. Professional roles change because of new workflows and proactive monitoring strategies. Multidisciplinary team members are closely situated in the eICU that encourages communication about individual patients and teamwork. The eICU environment is more serene; and the reduction in lighting and noise subjectively lessens stress and improves concentration.
Increased workflow efficiency is paramount in the eICU and a source of constant improvement and innovation. Voice recognition software may soon replace manual keyboard text entry, allowing clinicians to dictate all documentation and to use verbal commands in navigating the clinical information system and decision support tools, and in commanding videoconferencing to occur in patient-specific rooms. Voice recognition software will also be helpful in preventing occupational health injuries resulting from computer usage.
Regulatory Standards. Standards for telemedical care have been recently published by the Joint Commission of Accreditation of Healthcare Organizations. These standards currently address the need for remote physicians to be credentialed and privileged by all contracted hospitals receiving remote ICU care. Additional standards are expected in the near future, which will need to be adhered to.
The Health Insurance Portability and Accountability Act has begun to publish standards to assure the privacy and security of patient-specific information shared via telemedicine. Specific technology and procedures both at the eICU and the hospital ICU have been developed to meet these standards. Authentication for authorized use and system access is guaranteed by the use of passwords, personal identification numbers (PINs), and physical security. The electronic medical record has a timed sign-out system to log delinquent users off in the eICU and hospital ICU to prevent inadvertent use by inappropriate personnel. Video-and audioconferencing are never taped, and all data are encrypted before transmission over secured T-1 lines at either end of the system.
Supportive Technology. The ability to provide care for up to 150 ICU patients comes from the exponential gains acquired through sophisticated technologies. Although these technologies merely enable care, they represent the backbone of the delivery system and will ultimately provide additional improvements.
Clinical Information System. Information management should be designed to transform clinical data into knowledge. The eICU clinical information system (CIS) has been designed by clinicians specifically for the ICU, to facilitate the care process and provide gains in efficiency and effectiveness. This CIS employs specialized user interfaces to present patient data in a way that captures the salient features and enables data to be quickly assimilated. Admission, progress, and procedure notes are created from point-and-click, menu-driven items that reside in the relational database and populate user interfaces. Other data (laboratory, microbiology, vital signs, and medications) also reside in the relational database that was designed specifically for tracking outcomes and performing focused queries. This robust relational database accelerates learning, facilitates rapid cycle performance improvement, and is the foundation upon which performance improvement initiatives are created. Over time, these data will lead to multiple refinements in disease management and care processes that will contribute to the development of an ICU center of excellence.
Clinical Decision Support Systems. A growing body of scientific evidence has demonstrated that use of evidence-based clinical practice guidelines (CPGs) and protocols improve ICU patient and cost outcomes by assisting clinical decisionmaking and minimizing variations in care (28, 29) . Because intensivists come from multiple specialty backgrounds and the eICU team cares for diverse ICU populations, a point-of-care decision support tool was necessary to cover these wideranging requirements for clinical decision-making.
Keeping current across the breadth of ICU conditions is a challenge for all clinicians, and synthesizing these information and translating them into clinical practice is even more challenging. Providing CPGs, evidence-based algorithms, and new drug information can improve care and reduce the burden and stress on ICU caregivers. To this end, the eICU and hospital ICU utilize a Web-based decision support tool that covers the most common diagnostic and therapeutic dilemmas. Many of these topics include explicit algorithms that can facilitate standardized, evidence-based care, and all text has annotated references linked to the National Library of Medicine. Other computer-based decision support systems reside within the order entry system and include alerts for drug allergy and drugdrug interactions.
Unfortunately, the availability of decision support does not automatically lead to changes in practice patterns, and efforts to implement decision support are often met with failure, primarily resulting from clinician behavior (30) . Many physicians are uncomfortable with computers or believe that they represent cookbook medicine that would take the art out of the practice. More disturbing is that some practice patterns are so habitual that they are difficult to change in spite of the evidence. For these behaviors to change, both the eICU and on-site clinicians must realize that there is the need for change and accept the validity and value of expert systems.
Smart Alarms. The eICU team places strong emphasis on preventing ICU complications, and proactive monitoring is needed to prevent these adverse events from occurring. ICU caregivers are trained to examine for inadequate risk prediction and inadvertent omission of evidence-based prophylactic treatments.
Developing trends in physiologic data can also identify impending adverse events that can be averted with minimal to no treatment. Although these tactics might be achievable if one was caring for up to ten patients, detecting adverse trends and errors of omission while monitoring a caseload of 50 -150 patients would easily exceed the capacity of the human brain and has prompted the development of smart alarms and early alerts.
Smart alarm systems can function fully autonomously or combine a human interface for additional sensitivity and specificity. The eICU system utilizes the latter to provide the most proactive care. Absolute and time-trended changes in heart rate and oxygen saturation are customized for each patient. Creatinine clearance is also calculated daily and recommendations for drug dosage changes are automatically shown (the most common errors in medication prescribing are associated with declines in renal function requiring alteration of drug therapy (31) ). The ability to integrate multiple physiologic parameters (for example, a minor increase in the respiratory rate may become significant if accompanied by a small drop in the oxygen saturation) will soon provide additional sensitivity and specificity.
Data Warehouse and Mining. Leveraging available clinical information is key to improved outcomes, with many medical errors stemming from inadequate information rather than clinical judgment. Data coming from bedside monitors, clinical information systems, mechanical ventilators, and infusion pumps are directed into a central hub, creating a data warehouse of immense value that holds the key to the creation of an ICU center of excellence. Performing epidemiologic and clinical queries and tracking drug and resource utilization will enable many aspects of ICU care to be reshaped.
However, raw clinical data are frequently inappropriate for decision analytic tasks. These data need to be deidentified (for security), cleansed (artifacts are removed), and homogenized (codes and values are made consistent). Various methods for summarizing and integrating data are required to draw valid conclusions. This has become a major challenge as clinical information systems have begun capturing data that is more comprehensive, voluminous, and complex in structure than simple numeric data. Queries cannot be performed efficiently and in a timely fashion against data intended for clinical care unless the data are processed and reformatted to support analytic query requirements.
Data archiving allows for efficient collection of patient data for clinical trials (phases III and IV). Electronic systems can immediately identify patients who meet preselected eligibility and exclusion criteria and then automatically populate electronic case report forms for enrolled patients. As data are entered into electronic case report forms, it can be checked for out-of-range values, protocol violations or other investigation-specific parameters. Multiple sites can be used for different protocols based on best case mix and maximum enrollment populations, streamlining the clinical research process.
Data mining is the science behind the recognition and discovery of patterns, associations, and sequences that are hidden in a data warehouse and have not been previously identified. Potential uses of data mining in the ICU include monitoring antimicrobial resistance, identification of risk factors for particular medical conditions, discovery of new adverse drug reactions, and screening for the influence of genetics on the outcome of interventions.
OBSTACLES AND THE FUTURE OF THE eICU
Initial obstacles to adoption of this technology-empowered model are cost and physician resistance. Unfortunately, in the current financial climate, economic returns must accompany improvements in clinical care; and software licensing fees, technology management, and personnel to staff the eICU contribute to costs. However, these costs are more than offset by both hospital savings as a result of avoided ICU days, reduced ancillary services, cost-effective drug utilization, and improved nursing job satisfaction. In addition, improved ICU throughput can generate new case revenue in hospitals with capacity problems. Most of the currently available technologies are tools for automating administrative needs, materials management, and billing. Although automation of these tasks may produce modest cost savings, they do not provide any patient impact. Technologies must help clinicians identify, target, and monitor successful best practices, as well as identify and correct process failures. Technology systems must focus on improving medical care by providing immediate access to information, clinical expertise, and knowledge.
Physicians' resistance to change can also impact adoption of this model. This stems from the beliefs of some physicians that there is nothing to fix and that they should be autonomous in their care delivery. Changes that involve additional costs will never be justified in the minds of those who believe that the current level of care in the ICU is adequate. To physicians who believe in complete autonomy, 24 ϫ 7 telemonitoring by the eICU team is deemed nothing but a "policing project." But through the use of comparative data, these physicians will have the benefits of eICU care demonstrated.
The next generation of systems will improve the usefulness of remote ICU care. Wireless technology and physiologic sensors (which read the environment) and actuators (which respond to the environment) will enjoy widespread use. Sensors attached or embedded into ICU patients will read vital signs, serum chemistries, and perform hemodynamic analysis at predetermined intervals. Once thresholds are exceeded, computer systems will compare the patient's clinical status with the system database of similar patient scenarios and, coupled with best practice guidelines, will determine optimal treatment. The critical care team may then intervene, or in the future the sensor may activate a bedside computerassisted device.
It is still too early to predict the true impact that these changes will have on ICU care. As Machiavelli stated in 1537, "There is nothing more difficult to take in hand, more perilous to conduct, or more uncertain in its success than to take the lead in the introduction of a new order of things." However, now is clearly the time for hospitals, payors, and the government to begin exploring the opportunities to improve ICU health care. Technology will not replace patient care; it is merely a tool to make us more efficient. Telemedicine and the eICU are not new treatments, but rather new ways of treatment delivery. Only new innovations will enable us to care for our generation and the generations to come, and we must have the strength of conviction to change.
